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Abstract  -  We report high performance p-type field-effect transistors based on single layered 
(thickness, ~0.7 nm) WSe2 as the active channel with chemically doped source/drain contacts 
and high-κ gate dielectrics. The top-gated monolayer transistors exhibit a high effective hole 
mobility of ~250 cm2/Vs, perfect subthreshold swing of ~60 mV/dec, and ION/IOFF of >106 at 
room temperature. Special attention is given to lowering the contact resistance for hole injection 
by using high work function Pd contacts along with degenerate surface doping of the contacts by 
patterned NO2 chemisorption on WSe2. The results here present a promising material system and 
device architecture for p-type monolayer transistors with excellent characteristics. 
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Exploratory research is needed to develop materials, structures, and device technologies 
for future sub-5 nm gate length field-effect transistors (FETs). At such small scales, severe short 
channel effects limit the performance and operation of electronic devices1. Theoretical studies 
have shown that the use of large band gap semiconductors with ultrathin bodies and/or gate-all 
around structures are essential to minimize the short channel effects at extreme scaling limits1. 
Specifically, for ultrathin body devices, a general guideline dictates a body thickness of < 1/3 of 
the gate length for effective electrostatic control of the channel by the gate electrode3. For sub-5 
nm gate lengths, this corresponds to channel materials with only 1-2 atomic layers in thickness. 
In this regard, single layered semiconductors are excellent candidates for the channel material of 
future monolayer-FETs (ML-FETs). As compared to materials with diamond/zinc-blende 
structure, layered semiconductors exhibit advantageous surfaces with minimal roughness, 
dangling bonds, defect states and native oxides. Among various layered materials, graphene has 
achieved worldwide interest and numerous interesting applications have been proposed4,5,6,7. 
However, graphene does not have an intrinsic band gap, which severely limits its digital logic 
applications. Meanwhile, the band gap of graphene nanoribbons shown to date is still too small 
for ultrashort channel FETs8. Recent advances in monolayer and few layered MoS2, a 
chalcogenide semiconductor with a large band gap of Eg~1.8 eV, has shown the potential use of 
layered semiconductors for high performance n-type FETs (n-FETs)9. To date, however, high 
mobility monolayer p-FETs with high ION/IOFF have not been reported, and more importantly 
routes for controllable doping of chalcogenide layered semiconductors at the source/drain (S/D) 
contacts for low parasitic resistances have not been explored. In this report, by developing a 
surface dopant-profiling technique, we demonstrate the first high hole mobility WSe2 ML-FETs 
(body thickness of ~0.7 nm) with degenerately doped contacts. The use of heavily p-doped 
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contacts is essential in lowering the metal contact resistances to WSe2 by orders of magnitude, 
and enabling the demonstration of p-FETs with peak effective mobility of ~250 cm2/Vs, near 
ideal subthreshold swing (SS) of ~60 mV/decade, and high ION/IOFF of >106.   
WSe2 is a layered semiconductor with a bulk indirect bandgap of ~1.2 eV (ref. 10-11). A 
recent study of bulk WSe2 FETs revealed an intrinsic hole mobility of up to 500 cm2/Vs (ref. 12). 
However, the bulk devices exhibited poor ION/IOFF ratio of less than 10 at room temperature, 
along with ambipolar behavior, both of which are highly undesirable for digital logic 
applications. This is presumably due to the use of a bulk (i.e., thick) body which results in large 
OFF state leakage currents. Here we applied the well-known mechanical exfoliation method to 
obtain a single layer of WSe2 from a bulk crystal (Nanoscience Instruments, Inc) on Si/SiO2 
substrates for ML-FET fabrication and characterization. Fig. 1a shows an optical microscope 
image of a single layer WSe2 flake (light orange) transferred on top of a Si/SiO2 (thickness, 270 
nm) substrate. This thickness of SiO2 is optimized to optically visualize the contrast of single 
layer and few layer WSe2, similar to the cases of graphene and MoS2 (ref. 9). Fig. 1b depicts the 
atomic force microscope (AFM) image of a single layered WSe2 flake, with Fig. 1c showing the 
lateral height profile at the edge of the flake. From AFM measurements, the thickness of the 
single layer is determined to be ~0.7 nm, which agrees with the crystallography data of WSe2 in 
literature13. Note that the surface roughness of WSe2 is similar to the Si/SiO2 background, 
indicating that the layer is uniform and the surface roughness is minimal, which is essential for 
obtaining high carrier mobilities with low surface roughness scattering rates. 
Large Eg semiconductors such as WSe2 are notoriously known for their difficulty in 
forming ohmic metal contacts. Therefore, it is important to shed light on the metal-WSe2 
Schottky barriers (SBs), and explore routes towards minimizing the contact resistances to enable 
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exploration of intrinsic material and device properties. In this regard, we have explored different 
metal source/drain (S/D) contacts, including Pd, Ag, Ni, Au, Ti and Gd for back-gated WSe2 
FETs. The fabrication process involves the transfer of WSe2 layers onto a Si/SiO2 substrate, 
followed by a 1hr acetone bath to remove the tape residues, S/D metal contact patterning by 
lithography, evaporation and lift off processes. Here the S/D length is fixed at L~8 µm. Based on 
the various metal contacts explored, high work function Pd was found to form the lowest 
resistance contact to the valence band of WSe2 for hole transport, with devices exhibiting the 
highest unit-width normalized ON currents. As depicted in the back-gated transfer characteristics 
(Fig. 2a), Pd contacted FETs exhibit clear p-type conduction, without ambipolar transport. In 
contrast, lower work function metal contacts resulted in FETs that conduct in both n and p 
regimes with low current levels, reflecting high SB heights to both conduction and valence bands 
of WSe2. Specifically, Ti forms near mid-gap SBs to WSe2 with low-current ambipolar 
characteristics (Fig. 2a-b). The results here highlight the importance of selecting high work 
function metals with good interfaces to WSe2 in order to lower the SB height at the contacts for 
hole transport. Clearly, Fermi level pinning is weak or non-existent at metal-WSe2 interfaces. 
Further investigation of the exact effect of the metal work function and interface chemistry on 
the barrier height is needed in the future.  
Although Pd was found to form the best contact for hole transport among the various 
metals explored, a small SB may still exist at the Pd-WSe2 interface given the large Eg of WSe2. 
To shed light on the contact properties of Pd, surface hole doping of WSe2 was explored. By 
heavily p-doping WSe2, the width of any barriers at the metal interfaces can be drastically 
reduced, resulting in more efficient tunneling of the carriers and lower resistance contacts. 
Inspired by the surface doping approach in carbon nanotubes and graphene14,15,16, here we 
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utilized NO2 molecules as a p-type surface dopant. NO2 molecules are expected to be absorbed 
both physically and chemically on top of the WSe2 surface as illustrated in Fig. 3a. Due to the 
strong oxidizing property of NO2, the molecules act as “electron pumps” when chemisorbed to 
WSe2. Fig. 3b shows the transfer characteristics of a back-gated WSe2 ML-FET before and after 
NO2 exposure. The device was exposed to 0.05% NO2 in N2 gas for 10 min, beyond which the 
doping effect was found to saturate presumably due to the NO2 saturation coverage on the 
surface14. Here, the entire channel is exposed to NO2, resulting in blanked (i.e., unpatterned) 
doping of WSe2. The weak gate-voltage dependence of current after NO2 exposure clearly 
reflects that WSe2 is heavily doped (Fig. 3b). Moreover, the current at high negative VGS (ON 
state) is enhanced by >1000x after NO2 doping, which can be attributed to the lowering of 
contact resistance by thinning the Pd-WSe2 SB width for hole injection. In addition, NO2 may 
increase the work function of Pd, thereby lowering the SB height at the interface. This work 
function increase is possibly due to the formation of surface/subsurface metastable palladium 
oxides when NO2 is absorbed on Pd as previously reported in literature17,18.   
To estimate the 2-D sheet carrier density (n2D) of WSe2 after NO2 doping, the 
source/drain current (IDS) at zero gate voltage was modeled as LVWnI DSDDS /q 2 ⋅⋅⋅⋅= µ , where 
q is the electron charge, W and L are the width and length of channel, respectively, µ  is the field-
effect mobility (~140 cm2/Vs as extracted from the IDS-VGS transfer characteristic), and VDS is the 
source/drain voltage. Since the channel shape is often irregular, the width is defined as the total 
channel area divided by the length. We note that the field-effect mobility from back-gated WSe2 
ML-FETs doped with NO2 is 1-2 orders of magnitude higher than MoS2 ML-FETs without the 
high-κ dielectric mobility booster9. This could be either due to the different surface 
characteristics of WSe2 as compared to MoS2 and/or due to the lower contact resistance observed 
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here by doping the contacts. n2D is extracted to be ~2.2×1012 cm-2, which corresponds to a doping 
concentration of ~3.1×1019 cm-3. At this doping concentration, Fermi level lies at ~16 meV 
below the valence band edge (EV), as calculated from the Joyce-Dixon Approximation19 and an 
effective hole density of state of NV=2.54×1019 cm-3 (ref. 20). Therefore, NO2 exposed WSe2 
layers are degenerately doped. This doping level, however, is lower than the NO2 surface 
monolayer density of ~1.4×1015 cm-2 (assuming a perfect monolayer coverage)17, suggesting that 
on average ~0.001 electron is transferred per NO2 molecule. It should be noted that NO2 doping 
is reversible due to the gradual desorption of NO2 molecules from the WSe2 surface once 
exposed to ambient air (Fig. S1). In the future, other dopant species and/or process schemes 
should be explored for permanent doping. 
Next, we explored patterned p-doping of WSe2 for the fabrication of top-gated ML-FETs 
with self-aligned, chemically doped S/D contacts. Pd/Au (30/20 nm) metal contacts were first 
defined by lithography and metallization. Gate electrodes, underlapping the S/D by a distance of 
300 - 500 nm were then patterned by e-beam lithography and using PMMA as resist, followed by 
atomic layer deposition (ALD, at 120ºC) of 17.5 nm ZrO2 as the gate dielectric, the deposition of 
Pd metal gate, and finally lift-off of the entire gate stack in acetone. While it has been reported 
that direct ALD on pristine graphene is not possible due to the lack of dangling bonds, uniform 
ALD of Al2O3 and HfO2 on MoS2 at the optimized temperature window has been previously 
demonstrated and attributed to the physical absorption of precursors on the basal plane21,22, 
which we assume also applies to WSe2. The devices are then exposed to a NO2 environment and 
measured. Fig. 4a shows the schematic illustration of a top-gated ML-FET after NO2 S/D doping. 
The exposed (underlapped) regions are p-doped heavily, while the gated region remains near 
intrinsic due to the protection of the active channel by the gate stack. This p+/i/p+ device 
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structure is similar to conventional ultra-thin body Si MOSFETs. Fig. 4b shows the transfer 
characteristics of a ~9.4 µm channel length WSe2 ML-FET (see Fig. S2 for the device optical 
images) before and after NO2 contact doping. Here the back-gate voltage is fixed at -40 V to 
electrostatically dope the underlapped regions for both before and after NO2 exposure. As a 
result, the difference in the current-voltage characteristics for the two measurements purely 
arises from the change of the metal-WSe2 contact resistance, rather than the resistance of the 
underlapped regions. As depicted in Fig. 4b, a drastic enhancement of ~1000x improvement in 
the ON current is observed in the device after surface doping of the contacts by NO2, without a 
change in IOFF. A small shift in the threshold voltage to the positive direction is observed after 
NO2 contact doping, which could be due to the increase of the Pd metal gate work function by 
NO2. The ML-FET with doped contacts exhibits an impressive ION/IOFF of >106 arising from the 
large band-gap of WSe2 combined with the monolayer-thick body which minimizes OFF state 
leakage currents.  
Importantly, the transfer characteristics at room temperature shows a perfect subthreshold 
swing (SS), reaching the theoretical limit of ln(10)×	/ =60 mV/dec for a MOSFET, which 
originates from the thermionic emission of the source holes with density of states (DOS) tailed 
by the Fermi-Dirac distribution. For an experimental (i.e., non-ideal) MOSFET, SS is given as 
η×60 mV/decade, where 
ox
it
C
C
+≈1η
 
is the body factor, and Cit is the capacitance caused by the 
interface traps ( 2q⋅= itit DC , with Dit being the interface trap density) and oxoxox TC /0εε=  is 
the top gate oxide capacitance per unit area (εox ~12.5 is the dielectric constant of ZrO2, ε0 is the 
vacuum permittivity, and Tox= 17.5 nm is the ZrO2 thickness). The experimental SS~60 
mV/decade for WSe2 ML-FETs suggests the near unity η caused by Cit <<Cox.  The low Cit is 
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attributed to the lack of surface dangling bonds for layered semiconductors. Notably our 
measured SS outperforms all Ge and III-V MOSFETs, firmly indicating that WSe2 has optimal 
switching characteristics for low power and high speed electronics.  
Next the effective hole mobility, effµ , of top-gated WSe2 ML-FETs with doped contacts 
was extracted from the I-V characteristics by using the relation,
)5.0( DSTSGox
G
DS
DS
eff VVVC
L
V
I
−−∂
∂
=µ , where VT is the threshold voltage and LG is the gate length. 
The long-channel device exhibits a peak hole effective mobility of ~250 cm2/Vs (Fig. 4c). The 
mobility does not degrade severely at high fields (Fig. 4c), which should be attributed to the fact 
that the carriers are already close to the gate in a single layered channel, and that surface 
roughness is minimal. Therefore, the gate oxide thickness can be further scaled without severe 
mobility degradation, again indicating that WSe2 is a promising candidate for future scaled 
electronics. It must be noted that the channel is one monolayer thick (~ 0.7 nm), significantly 
thinner than the previously reported high hole mobility III-V or Ge MOSFETs, even in ultrathin 
body (UTB) configuration. For conventional diamond/zinc-blende structured material channels, 
severe mobility degradation occurs when reducing the channel thickness due to the enhanced 
scattering from both surface roughness and dangling bonds. For example, the peak effective hole 
mobility of strained-InGaSb based UTB-FETs drops from ~820 to 480 cm2/Vs when the body 
thickness is reduced from 15 nm to 7 nm23.  Therefore, the measured mobility of 250 cm2/Vs for 
our monolayer-thick WSe2 FETs is impressive.  
The output characteristic of the same top gated WSe2 ML-FET with doped contacts is 
shown in Fig. 4d. The long-channel device exhibits clear current saturation at high VDS due to 
pinch-off, similar to the conventional MOSFETs.  In the low VDS
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linear, depicting the ohmic metal contacts. Overall, the results here demonstrate the potential of 
WSe2 monolayers along with the essential patterned doping of the contacts for high performance 
p-FETs.   
In conclusion, the layered semiconductor WSe2, has been thinned down to a single layer 
through mechanical exfoliation and fabricated into p-FETs with promising hole mobility and 
perfect subthreshold characteristics. A NO2 surface doping strategy is introduced to degenerately 
dope the S/D regions of the FETs and drastically reduce the metal contact resistance, meanwhile 
revealing intrinsic transport properties of the channel. Along with the previously demonstrated 
MoS2 single layer transistor, the results encourage further investigation of layered 
semiconductors, especially the transition metal dichalcogenide family, for future high 
performance electronics. As emphasized in this work, surface doping is a necessity for obtaining 
high performance ML-FETs, and in this regard exploration of other dopant species for both n- 
and p-doping in needed in the future.  
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SUPPORTING INFORMATION 
Reversibility of NO2 doping; optical microscope images of a top-gated ML-FET. This material is 
available free of charge via the Internet at http://pubs.acs.org. 
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Figure Captions 
Figure 1. Single layered WSe2 on a Si/SiO2 substrate. a, Optical microscope image of a single 
layered WSe2 (light orange flake) on a Si substrate with 270 nm SiO2. b, AFM image of a single 
layered WSe2 on Si/SiO2. c, Height profile of a line scan (as indicated by the dashed line in Fig. 
1b) across the single layered WSe2-SiO2 boundary. 
Figure 2. Back-gated WSe2 FETs with different metal contacts. a, IDS-VGS characteristics of 
Pd (red curve) and Ti (black curve) contacted WSe2 FETs on a Si substrate with 50 nm SiO2 as 
the back-gate dielectric. Here WSe2 is few layered (thickness, ~5 nm). b, Qualitative energy 
band diagrams for Pd (top) and Ti (bottom) contacted WSe2 FETs in the ON-state, depicting the 
height of the SBs for hole injection (ΦBp) at the metal-WSe2 interfaces.  
Figure 3. Chemical p-doping of single layered WSe2 by NO2. a, Cross-sectional schematic of 
a back-gated WSe2 ML-FET on Si/SiO2, with NO2 molecules being absorbed on both the 
channel and contacts. b, IDS-VGS characteristics of Pd contacted WSe2 ML-FET before (black 
curve) and after (red curve) exposure to NO2. 
Figure 4. Top-gated WSe2 ML-FETs with chemically doped contacts. a, Schematic of a top-
gated WSe2 ML-FET, with chemically p-doped S/D contacts by NO2 exposure. Here the top-gate 
acts as the mask for protecting the active channel from NO2 doping. b, Transfer characteristics of 
a device with L~9.4 µm, before and after NO2 patterned doping of the S/D contacts. c, Extracted 
effective hole mobility as a function of gate overdrive of the device shown in b at VDS= -0.05 V. 
d, Output characteristics of the same device shown in b.  
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